The prominence of sulfate reducers in mercury biomethylation prompted the examination of the methyl carrier and mercury methylation activity ofDesulfovibrio desulfuricans LS. There was a low degree of mercury tolerance and a high degree of methylation during fermentative growth; the opposite was true during sulfate reduction. During 2 days of fermentative growth, up to 37% of HgCl2 was methylated at 0.1 ,ug/ml, but obly 1.5% was methylated at 10.0 ,ug/ml. Less than 1% of the added HgCl2 was methylated under sulfate-reducing conditions. D. desulfuricans LS radioimmunoassay results were positive for cobalamin. The addition of CoCI2 and benzimidazole to fermentative cultures increased methylation activity. From D. desulfuricans LS grown in the presence of 57CoC12, a corrinoid was extracted and purified. High-performance liquid chromatography analysis of the purified extract yielded a single peak with the retention time of cobalamin, and 97% of the 57Co radioactivity was associated with this peak. Fast atom bombardment and UV and visible spectra of the isolated corrinoid matched those of cobalamin. When methylated with 14CH31, the isolated corrinoid methylated Hg2' with a 93.9%o preservation of '4C specific activity. We conclude that D. desu(furicans LS methylates mercury via cobalamin (vitamin B12). Under physiological conditions, the enzymatic catalysis of this reaction is likely.
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Monomethylmercury is a highly potent and biomagnification-prone neurotoxin. In the Minamata incident, which involved a local discharge of methylmercury, tainted seafood caused 2,200 poisonings with 750 fatalities (20) . Subsequently, methylmercury was recognized as a global health hazard due to the environmental conversion of less hazardous mercury pollutants to this very toxic form (12, 19) . Even in pristine freshwater lakes of Wisconsin that receive atmospheric mercury inputs only, large fish accumulate methylmercury in excess of the 0.5-ppm Food and Drug Administration limit (10) .
Recent work identified sulfate reducers of anoxic aquatic sediments as the principal environmental methylators of mercury (7, 8) . Mercury-methylating strains of Desulfovibrio desulfuncans were isolated and described (7, 8) , but much remains to be learned about the biochemistry of the mercury methylation process by these microorganisms. Methylcobalamin, which under appropriate conditions spontaneously methylates mercuric ions (6, 25) , has long been suspected but never proven to mediate environmental mercury methylation. Paradoxically, methylcobalamin was identified in some acetogens and methanogens (22) which were ruled out as environmental methylators of mercury (7) . Cobalt porphyrins were identified in Desulfovibrio gigas and D. desulfuricans Norway (11, 16) , but these porphyrins do not appear to be methyl carriers. 5-Methylbenzimidazolyl cobamide, in its structure and function closely related to cobalamin, was identified in some sulfate-reducing bacteria (13 (3) .
The aim of the study presented here was to positively identify the methyl carrier of D. desulfuricans LS and to document its involvement in the mercury methylation process.
MATERIALS AND METHODS
Cell growth and methylmercury analysis. The D. desulfuncans strain used in this study was previously isolated from an anoxic, low-salinity (0.4%) salt marsh sediment in Cheesequake State Park, N.J. (7) . The strain designation of LS (for low salinity) was added to identify this isolate. When grown in lactate-sulfate medium, cells were motile and vibrio-shaped with the dimensions 0.5 by 1.0 ,Lm. Media utilized in this study for supporting sulfate-reducing and fermentative growth were Postgate's lactate-sulfate medium C and pyruvate medium D, respectively (17) . The purity of the strain was routinely monitored with ferrous sulfatecontaining diagnostic medium, by tests for the presence of desulfoviridin, growth inhibition by molybdate, and methylation of mercury, and by microscopic observation (8) . The maintenance of culture purity was a high priority since contaminants can easily take over under fermentative growth conditions. Cell growth was routinely determined by protein measurement with the dye-binding method of Bradford (4 and the same-sized aluminum oxide column on the basis of the procedure described by Stupperich et al. (24) . A Rotavapor apparatus (RE 121; Buchi, Flawil, Switzerland) was used for the evaporation of methanol at a temperature not exceeding 40°C. The residue was dissolved in water. At each step, 57Co radioactivity was measured with a gamma counter (model 1191; T. M. Analytic, Elk Grove Village, Ill.) with over 90% counting efficiency. Purification was carried out in the dark or under a dim red light to minimize any photodegradation of the corrinoid.
HPLC analysis. High-performance liquid chromatography (HPLC) was performed with a Partisphere 5-,um C18 column (0.46-cm inside diameter by 25 cm long; Whatman Inc., Clifton, N.J.), and a solvent gradient was generated with an Intelligent pump (model L-600; Hitachi). A UV-visible spectrophotometer (model L-4200; Hitachi) operating at 546 nm connected with a Chromato-integrator (model D-2000; Hitachi) was used for the detection of the corrinoid. The mobile phases were A, 0.1% acetic acid, and B, 100% methanol. The column was eluted at a flow rate of 1 ml/min with an initial 0-to 5-min isocratic elution (75% A-25% B) followed by a linear gradient to 35% A-65% B within 25 min. Cyanocobalamin standard was purchased from Sigma Chemical Co., St. Louis, Mo., and was, at times, injected together with the corrinoid extract. Eluted solvent was collected in 1.0-ml fractions, and the corresponding 57Co radioactivity was measured with a gamma counter.
FAB-MS and UV-visible spectral analysis. Fast atom bombardment-mass spectrometry (FAB-MS) analysis was performed with a ZAB-T high-resolution mass spectrometer (model 8058; Vacuum Generators, Manchester, England) with a technique known as liquid secondary ionization mass spectrometry. The sample was dissolved in "magnetic bullet" matrix, which is a 3:1 mixture of dithiothreitol and dithioerythritol dissolved in methanol. Experimental conditions were 10 kV of accelerating potential and 35 kV of cesium ion gun. Data were acquired in the continuum mode, and the signal was averaged over the entire analysis (100 scans).
UV and visible absorption spectra were obtained in water with a Shimadzu spectrophotometer UV-265.
Transmethylation. By using the previously described spectrophotometer, spontaneous transmethylation by methylcobalamin was recorded as a time lapse (cycle time of 10 min, 15 cycles) spectral change to hydroxycobalamin in a wavelength range of 280 to 400 nm. The reaction mixture contained 30 F.M methylcobalamin and 60 ,LM HgCl2 in 0.1 M Na-acetate buffer, pH 4.5. The reaction was initiated by a direct addition of concentrated HgCl2 solution into a quartz cuvette.
For the demonstration of mercury-methylating activity with the purified corrinoid, 50 ,uCi of 1 CH3I (specific activity of 8 mCi/mmol; New England Nuclear Corp., Boston, Mass.) diluted in 100 mg of unlabeled CH3I was added to 20 ml of corrinoid extract, obtained from a cell mass equivalent to 40 mg of protein. The reaction was allowed to proceed at room temperature under reducing conditions generated by a gentle stream of N2 gas (Matheson Gas Products) and the addition of 20 mg of sodium borohydride. The cleanup included the extraction of the methylcobalamin into the phenol phase and back-extraction from the phenol. Details for the exchange of the -CN to the -CH3 group were the same as described for the chemical synthesis of methylcobalamin from cyanocobalamin (9) . The methylated corrinoid extract in 0.1 M Na-acetate buffer (pH 4.5) received 1 mg of HgCl2 and was allowed to stand at room temperature and in the dark for 6 h. After extraction of monomethylmercury, the final benzene extract was analyzed by gas chromatography and the transfer of the 14C label was measured by a liquid-scintillation counter (BetaTrac 6895; T. M. Analytic). Counting efficiency was determined by the external standard ratio method. A control experiment was performed by using the same procedure, except the purified corrinoid was omitted.
RESULTS AND DISCUSSION Culture conditions and methylmercury synthesis. The absolute amounts of methylmercury produced and the percentage of the mercuric ion methylated by D. desulfuncans LS strongly depended on the culture conditions and on the levels of the mercury added. It was reported earlier that more methylmercury was produced under fermentative than under sulfate-reducing conditions (7) . When in the present study three serial transfers on pyruvate medium excluded sulfide carryover, this effect was much more pronounced (Fig. 1) . From the data presented, we calculated that on the basis of micrograms of protein, up to 17.1 and 2.9 ng of methylmercury were produced during 2 days of incubation under fermentative and under sulfate-reducing conditions, respectively. Under fermentative conditions, 37.0, 12.6, and 1.5% of 0.1, 1.0, and 10.0 p.g of HgCl2 per ml, respectively, were transformed to methylmercury. Under sulfate-reducing conditions, 0.7, 0.5, and 0.2% of 10, 25, and 50 ,ug of HgCl2 per ml were methylated, respectively. In the fermentative culture, HgCl2 levels above 10 p.g/ml strongly inhibited both cell growth and methylation activity. In the sulfate-reducing culture, however, the absolute amounts of methylmercury produced increased up to 25 ,ug of HgCl2 added per ml and declined above this HgCl2 level only gradually. Cell yields were still substantial at 50 p.g of HgCl2 per ml. Of course, under sulfate-reducing conditions, the numbers reflect only the added rather than the available HgCl2 concentrations because most of the mercuric ions precipitated as insoluble HgS. When added within the tolerance range, methylmercury synthesis generally paralleled the increase in cell protein, as illustrated in Fig. 2 HPLC of the purified sample, 97.0% of the radioactivity was associated with a single peak (Fig. 3) . On the basis of an HPLC retention time that failed to match our known standards, we first reported preliminary evidence for a novel corrinoid (5) . Follow-up work showed this report to be an error due to instrument problems. When a well-functioning instrument was used, the retention time of the isolated corrinoid matched perfectly the retention time of authentic cyanocobalamin (12.91 min). A 1:1 mixture of the unknown sample and the analytical standard chromatographed as a single symmetrical peak, with no additional corrinoids detected in the cell extract (data not shown). This fact and the 97% association of the 57Co radioactivity with the described cobalamin peak during HPLC (Fig. 3 ) strongly indicated that The identity of the isolated corrinoid was confirmed by FAB-MS. The positive ion spectrum of the unknown corrinoid indicated a molecular weight of 1,354, identical to that of cyanocobalamin (Fig. 4) . Loss of the a axial ligand (cyano group) resulted in an intense peak at mlz 1329. An rapidly (Fig. 5) . At a more physiological pH of 7.0, transmethylation occurred three times more slowly (data not shown). In addition, various anions (Cl-, HCO3-) were shown to interfere substantially with the spontaneous transmethylation process (6) . Therefore, there is reason to believe that under physiological conditions, mercury methylation may be an enzymatically catalyzed process rather than a spontaneous chemical reaction.
Until recently, sulfate-reducing bacteria were believed neither to require nor to synthesize vitamin B12 or closely related corrinoids (14) . The identification of 5-methylbenzimidazolyl cobamide in several sulfate reducers (13) and of cobalamin in D. desulfuricans LS changed the situation but did not elucidate the physiological function of these compounds in sulfate reducers. Mercury methylation is most likely an incidental rather than a primary function of cobalamin. Comparative data on methylcorrinoid occurrence and mercury methylation ability in sulfate reducers are currently not available. In a sediment-water microcosm, no significant correlation between the concentration of vitamin B12 and methylmercury production was found (18) . This is not surprising because anoxic sediments contain, in addition to sulfate reducers, numerous methanogens which are well known to contain corrinoids because of their C1 metabolism (22, 23) . The presence of methylcorrinoids in these microorganisms does not appear to be correlated with significant mercury methylation activity (7) . In a very limited study, Berman (2) 
